Vitamin D insufficiency is common in the United States, with low levels linked in some studies to higher cancer incidence, including non-Hodgkin's lymphoma (NHL). Recent data also suggest that vitamin D insufficiency is related to inferior prognosis in some cancers, although there are no data for NHL. 
INTRODUCTION

Vitamin D insufficiency is common in the United
States. Multiple studies have demonstrated that 25% to 50% of patients seen in clinical practice have vitamin D levels below the optimal range. and angiogenesis. 5 Intriguingly, several reports now suggest low serum 25(OH)D levels may be associated with increased cancer incidence. At present, the strongest data for an inverse association between circulating vitamin D levels and malignancy exists for studies that have examined patients with colorectal 6, 7 and breast 8, 9 cancer. While there is little evidence from case-control studies that dietary intake of vitamin D is associated with non-Hodgkin's lymphoma (NHL) risk, 10 a pooled analysis of 10 such studies found that higher levels of recreational sun exposure were associated with lower risk of NHL.
11 Furthermore, data from two prospective cohort studies 12, 13 provide suggestive evidence that low serum 25(OH)D levels are associated with increased risk of NHL incidence.
In addition to risk of developing malignancy, there are recent data that suggest low 25(OH)D levels at diagnosis may be associated with poorer prognosis in colorectal 14 and breast 15 cancer, as well as multiple myeloma. 16 To our knowledge, however, there are no data on NHL prognosis except for a small study of 24 patients which reported that alfacalcidol (a synthetic analog of 1,25(OH) 2 D) induced regression in follicular, small cleaved cell lymphoma. 17 To test the hypothesis that vitamin D levels are predictive of event-free and overall survival in patients with newly diagnosed NHL, we examined the prognostic effects of circulating 25(OH)D levels in a prospective cohort of consecutively enrolled patients with newly diagnosed NHL.
PATIENTS AND METHODS
Study Population
This study was reviewed and approved by the human subjects institutional review board at the Mayo Clinic and the University of Iowa, and written informed consent was obtained from all participants. All subjects in this analysis were from the Molecular Epidemiology Resource of the University of Iowa/Mayo Clinic Lymphoma Specialized Program of Research Excellence.
18
Since September 2002, we offered enrollment to consecutive, newly diagnosed patients with NHL (within 9 months) who were evaluated at Mayo Clinic Rochester and the University of Iowa, were age 18 years or older, and were a resident of the United States. Exclusion criteria included known HIV infection and unwillingness or inability to provide written informed consent.
All pathology was reviewed by a lymphoma hematopathologist to verify the diagnosis and to classify each case according to the WHO classification. 19 We grouped the subtypes for analysis into diffuse large B-cell (DLBCL), mantle cell lymphoma (MCL), follicular lymphoma (FL), post-FL (consisting of marginal zone and lymphoplasmacytic lymphoma), and T-cell lymphoma (TCL; consisting of peripheral TCL, anaplastic large cell lymphoma, cutaneous TCL, and TCL not otherwise specified [NOS]), as well as all other NHL.
Baseline clinical, laboratory, and treatment data were abstracted from medical records using a standard protocol. Participants provided a peripheral blood sample for serum and DNA banking. Timing of the sample collection with respect to treatment (ie, pretreatment, during treatment, or posttreatment) was recorded. All patients were systematically observed every 6 months for the first 3 years, and then annually thereafter. Disease progression, retreatment, and deaths were verified through medical record review. We also verified patients' reports of no disease progression on an annual basis against their physician's report. For decedents, we obtained a copy of the death certificate as well as medical records associated with death. Study physicians assigned a cause of death using definitions developed for the Eastern Cooperative Oncology Group (ECOG) Intergroup trial 4494.
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Vitamin D Measurements
We defined vitamin D insufficiency as a serum 25(OH)D level lower than 25 ng/mL (62.5 nmol/L). Although consensus guidelines for the diagnosis of vitamin D insufficiency have not been established, this is an accepted level for the establishment of hypovitaminosis D, and is the current threshold used NOS (n ϭ 25), CTCL (n ϭ 9), ALCL (n ϭ 7), and miscellaneous (n ϭ 29); Post-FL includes splenic MZL (n ϭ 13), extranodal MZL (n ϭ 73), nodal MZL (n ϭ 6), and LPL (n ϭ 17); and other NHL includes BL (n ϭ 8), composite NHL (n ϭ 10), other B-cell NOS (n ϭ 51), and miscellaneous (n ϭ 9).
by Mayo Medical Laboratories (http://www.mayomedicallaboratories.com). In order to avoid assay variability, which can significantly confound vitamin D determinations made using radioimmunoassay methods, 21 all vitamin D measurements were made by liquid chromatography-tandem mass spectrometry (LC-MS/MS). A single vitamin D measurement has been shown to be highly reproducible.
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Measurements of 25(OH)D were made by deuterated stable isotope [d 6 -25(OH)D]-dilution LC-MS/MS on an API 4000 instrument (Applied Biosystems, Forest City, CA), with sample introduction performed by a cohesive four-channel multiplexed system (Thermo-Fisher, Waltham, MA). Calibration utilized a 6-point standard curve over a concentration range of 0 to 200 ng/mL. Each subject's total 25(OH)D was assessed as the additive sum of the 25(OH)D 2 and 25(OH)D 3 components. Intra-and interassay coefficients of variation were all lower than 7% (Appendix Table A1 , online only). All 983 samples were successfully assayed. For patients with DLBCL and TCL, we also measured 1,25(OH) 2 D, which was the sum of each subject's 1,25(OH) 2 D 2 and 1,25(OH) 2 D 3 as determined by isotope-dilution LC-MS/MS on an API 5000 instrument (Applied Biosystems) using deuterated internal standards for each analyte. Intra-and interassay coefficients of variation are reported in Appendix  Table A1 .
Statistical Analysis
2 and Fisher's exact tests, where appropriate, were used to assess the association of 25(OH)D insufficiency and clinical and demographic factors. All survival analyses were analyzed within the following grouped subtypes: DLBCL, FL, post-FL, MCL, TCL, and all other NHL. Event-free survival (EFS) was defined as the time from diagnosis to disease progression, re-treatment, or death due to any cause. Lymphoma-specific survival (LSS) was defined as the time from diagnosis to death due to disease, and overall survival (OS) was defined as the time from diagnosis to death due to any cause. Patients without an event or death were censored at time of last known follow-up. Kaplan ; for post-FL, this included stage and performance status (PS); and for all other NHL, this included stage and PS. We also analyzed the associations using the actual, continuously distributed 25(OH)D levels values via penalized smoothing splines, or P-splines. 29 Briefly, this is a nonparametric modeling approach that is a generalization of polynomial splines. It allowed us to examine the unrestricted association of the 25(OH)D levels with EFS and OS, without regard to functional form. For DLBCL and TCL, we further evaluated 1,25(OH) 2 D levels (categorized into quartiles based on histology-specific distribution) with the three outcomes, overall and stratified by 25(OH)D levels (insufficient, sufficient). Analyses were performed using SAS version 9.1.3 (SAS Institute, Cary, NC) and R ( http://www.r-project.org/).
RESULTS
From September 2002 through February 2008, 1,691 patients with NHL were enrolled onto the study; this does not include chronic lymphocyte leukemia/small lymphocyte leukemia, which is being reported elsewhere. Of the 1,691 patients, 701 were excluded because they did not have a serum sample available and/or drawn within 120 days of diagnosis and seven were excluded for missing clinical or outcome data, leaving a total of 983 subjects available for analysis.
Of the 983 patients with NHL, the mean age at diagnosis was 62 years (range, 19 to 94 years) and 55% were male. Overall, 56 patients (5.7%) had severe insufficiency (Ͻ 10 ng/mL), 380
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Event Free (%) Time (months) (38.7%) had mild to moderate insufficiency (10 to 24 ng/mL), and 547 (55.6%) were in the optimal range (25 to 80 ng/mL) for 25(OH)D; 436 (44%) were classified as 25(OH)D insufficient (combination of severe and mild to moderate insufficiency). 25(OH)D insufficiency was not correlated with age or sex, but was positively correlated with having a serum drawn during or posttreatment; residence in the six state region of the upper Midwest; diagnosis from March through May; PS higher than 1; and DLBCL or TCL subtypes (Table 1) . Subtype-specific prognostic indices were also positively correlated with 25(OH)D insufficiency (Table  1) , and this was most strongly driven by performance status within each of the subtypes (Appendix Table A2 , online only). Disease stage was not correlated with 25(OH)D insufficiency for DLBCL, FL, or post-FL, but higher disease stage was correlated with 25(OH)D insufficiency in TCL (Appendix Table A2 ).
During a median follow-up of 34.8 months (range, 0.5 to 77 months), there were 404 events and 193 deaths, of which 168 were attributed to lymphoma. For DLBCL, 52% of the patients were 25(OH)D insufficient, and as shown in Figure 1 , insufficient patients had inferior EFS (log-rank P ϭ .005) and OS (log-rank P Ͻ .001); details on univariate HRs for all outcomes are available in Appendix  Table A3 (online only). After adjusting for the IPI and treatment ( (Fig 2A) and OS (Fig 2B) was mainly observed over the range of 15 to 25 ng/mL, and was relatively flat above 30 ng/mL.
For TCL (which included PTCL and CTCL, see Table 1 for details), 57% of the patients were 25(OH)D insufficient, and insufficient patients had inferior EFS (log-rank P ϭ .003) and OS (log-rank P ϭ .01). After adjustment for IPI ( (Fig 2C) and OS (Fig 2D) was observed among TCL patients in both the insufficient (Ͻ 25 ng/mL) and the lower end of the optimal range (25 to 80 ng/mL) of 25(OH)D levels.
The prevalence of 25(OH)D insufficiency for the remaining subtypes in Table 2 ranged from 27% to 39%, and there were no associations of 25(OH)D insufficiency with EFS. However, with the exception of LSS in FL, HRs for LSS and OS for the remaining subtypes were all above 1, although the confidence intervals were wide, reflecting the small number of deaths in these subtypes.
Further adjustment of results in Table 1 for season of diagnosis or residence in the upper six Midwest states did not materially alter the associations (Ͻ 10% change in HRs) reported in Table 2 (data not shown).
All serum samples tested were drawn within 120 days of diagnosis, and from a physiologic perspective we would expect little change of 25(OH)D levels from chemotherapy over this short interval. Nevertheless, 34% of samples were drawn during or after initial therapy, and mean 25(OH)D levels and the prevalence of 25(OH)D insufficiency were modestly associated with timing of blood draw overall (Table 1) . This overall association varied by subtype, and was seen only for TCL, MCL, and all other NHL, but not for DLBCL, FL, and post-FL (Appendix Table A2 ). Adjustment for timing of serum draw did not materially alter the associations in Table 2 (data not shown). Further, when restricted to pretreatment serum samples (Appendix Table A4 , online only), our basic findings held, although the CIs around the point estimates became unstable due to small numbers for subset analyses in the lymphoma subtypes. One potential interpretation of the association of low 25(OH)D levels with inferior DLBCL and TCL prognosis is that patients with a larger tumor burden might have increased conversion of 25(OH)D to 1,25(OH) 2 D due to increased 1-␣-hydroxylase activity from the tumor, leading to artificially low serum 25(OH)D levels. 30 As such, tumor size or aggressiveness might be a confounding factor. Although adjustment for IPI should remove most of the potential confounding, residual confounding remains a concern. Calcium levels were similar between 25(OH)D sufficient and insufficient patients with DLBCL and TCL (Appendix Table A5 , online only). In addition, further adjustment of the results in Table 1 for albumin-corrected-calcium (as a surrogate for tumor activity, since high 1-␣-hydroxylase activity would be expected to also increase serum calcium levels) did not materially change the DLBCL results (Appendix Table A5 ). The results for TCL attenuated for EFS (HR, 1.35; 95% CI, 0.63 to 2.88) and to a lesser extent for LSS (HR, 2.00; 95% CI, 0.74 to 5.37), while OS remained similar (HR, 2.17; 95% CI, 0.82 to 5.76).
To further address this issue, we measured 1,25(OH) 2 D levels in patients with DLBCL and TCL. For DLBCL, patients in the lowest three quartiles of 1,25(OH) 2 D had inferior EFS, LSS, and OS (Fig 3  and Table 3 ); this association was maintained when stratified by 25(OH)D sufficient versus insufficient. For TCL, patients below the median (too few patients to use quartiles) also had inferior outcomes in a pattern similar to that seen for DLBCL, although all estimates were imprecise and not statistically significant, likely due to small subject numbers (Fig 3 and Table 3 ). Overall, these data do not support the hypothesis that the association of lower 25(OH)D levels with poor prognosis in DLBCL and TCL is confounded by tumor production of 1-␣-hydroxylase. Further, these data also indicate that there appears to be a direct association of lower 1,25(OH) 2 D levels with inferior outcome. 
DISCUSSION
Over 40% of patients with NHL in this cohort had insufficient 25(OH)D levels within 120 days of diagnosis, and low levels were associated with inferior EFS, LSS, and OS for DLBCL and TCL, two of the most aggressive NHL subtypes in this study. These associations remained after adjustment for clinical factors, including IPI, timing of blood draw (pretreatment v not), and season of diagnosis. While there was no association of vitamin D insufficiency and EFS for MCL, FL, post-FL or all other NHL, HRs were elevated for OS. These estimates were not statistically significant, most likely due to either the small number of patients with these types of NHL included in the cohort and/or few deaths during the relatively short follow-up time. Further studies in larger groups of patients should be performed to learn the longer-term implications of vitamin D insufficiency in these less aggressive NHL types.
Strengths of our study include the large, prospective cohort study design of consecutively enrolled patients with newly diagnosed NHL; availability of key baseline clinical and treatment data; and nearly complete follow-up of patients to define EFS, LSS, and OS. In addition, we used LC-MS/MS methods for the measurement of serum 25(OH)D and 1,25(OH) 2 D levels, a technique which is considered to be the most reliable and accurate for 25(OH)D determination. 21 The major limitation of the study is the use of an observational study design, which is susceptible to confounding, although we were able to adjust for key clinical prognostic factors. Also, our study does not answer the question of whether replacing vitamin D would lead to a better prognosis.
Our finding that lower levels of both 25(OH)D and 1,25(OH) 2 D were associated with inferior EFS, LSS, and OS in two aggressive NHL subtypes suggests that the prognostic effect of vitamin D may be directly related to its impact on the lymphoma and not simply a general host effect. Biologically, this is plausible, as vitamin D has been well-documented to be capable of modulating several critical cellular processes, including inhibition of carcinogenesis by induction of cellular differentiation, inhibition of proliferation and angiogenesis, and promotion of apoptosis.
5 Notably, in vitro vitamin D has been shown to inhibit proliferation and induce differentiation of both lymphocytes 31 and lymphoma cell lines.
32
The associations with OS, but not EFS, which were hinted at in the other NHL subtypes, raise the hypothesis that vitamin D also likely impacts other health outcomes in these diseases with a long natural history, and thereby improves OS. 33 This will need to be evaluated in larger datasets with sufficient power.
In our study, we measured both the storage form of vitamin D Whether vitamin D supplementation in patients with newly diagnosed lymphoma and 25(OH)D levels below the optimal range will lead to improved outcomes is unknown, but warrants further investigation. The results for TCL, but not DLBCL, suggest supplementation even within the optimal range might be useful. None of the patients were above the optimal range, and there is no justification from our study to consider supraphysiologic levels. Finally, the role of vitamin D supplementation to maintain 25(OH)D levels within the optimal range for the primary prevention of NHL, which our study did not address, is not known.
In summary, our study provides strong data on the relationship between vitamin D and prognosis in NHL, and suggests a need for additional studies both to confirm our findings and to prospectively assess the role of vitamin D supplementation in NHL progression and survival. At this time, there is no definitive evidence for a causative relationship between lower vitamin D levels and poorer outcomes in lymphoma, and our study did not answer the question of whether normalizing vitamin D levels in these patients improves outcome. We do note that there are general clinical recommendations for vitamin D testing and replacement in patients with serum 25(OH)D levels below the optimal range. 35 Our data may provide additional incentive to follow these general guidelines particularly closely in DLBCL and TCL patients.
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